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TITLE: CONDUCTING ELECTROACTIVEBIOMATERIALS 

TECHNICAL FIELD 

The present invention relates to novel conductive electroactive biomaterials, and 
processes for making such biomaterials* 

BACKGROUND ART 

In the search for a new generation of biomaterials, it has been sought to mimic the 
ceil membrane in designing new polymeric materials that not only have similar cbemistiy 
to the cell membrane but also are reactive. To date^ the maj<»ity of biomaterials have 
been relatively inert matrrinls ^vbosc properties are detennined and fixed at the time of 
their syntfiesis. Furthennore, man-made biomaterials or at least Aeir bio-interfiK:es tend 
to be honK>geneous in con^sition. This contiasts widi the structure of most inter&ces 
wiAin the body yAyac the emj^uisis is not cmly on a heterogeneous blend of different 
molecules but the vAkole structure is dynamically active. This dynamic activity is 
maintained at the level of Ae cell membrane that has a resting potential that can be altered 
and that has a broadly hydroi^bic lipid conqx>nent in vMck a mosaic of protein and 
carbohydrate structures are dispersed. Tbecompositi n can be changed in time and some 
components, mucopolysaccharides and proteins, can be secreted from it in response to 
specific stimuli and as such current hi materials are fiar from suitable. 
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Conductive elcctroactive polymers, such as polypyrrole, which have been 
previously described have a range of properties that would appear to be useful in the 
design of new biomaterials. They are dynamically active, have a resting potential and can 
be synthesised to contain significant amounts of protein i^ch remains bioactive. 
Application of small electrical potentials can alter the activity of enzymes mcoiix>rated 
into such polymers or of the binding of antibody to antigen. However, this protein cannot 
be readily released firom polypyrrole : protein polymers upon reduction, thus limi ting 
their application. There is tiius a need for a polymer which preferably can release 
biological macromolecules and other biological materials incorporated therein and vsiiich, 
in preferred embodiments, is biocompatible and can be used for ^plications as both a 
biomaterial and a controlled drug delivery device. 

Accordingly, it is an object of the present invention to provide means for avoiding 
or at least ameliorating some of the above discussed disadvantages of the prior art 

DISCLOSURE OF INVENTION 

As used throughout the specification and claims the term **biological 
macromolecule^ refers in the context of the present invention to any molecule of 
biological origin vdiich has a high molecular weight and may be, but not necessarily, of 
polymeric construction. Examples of such macromolecules are {xoteins, lipids, 
carbohydrates, nucleic acids and the like. As used in the present invention the term 
"macromolecular complex*" refers to larger macromolecular structures of increased 
complexity and includes viruses, bacteria, fungi and plant and animal cells. The tenn 
"hydroiAilic counterion" refers in the context of the present invention to a countcrion 
v^ch yfben incorporated into the composite polymer of tiie invention causes the 
composite polymer to have a high water content By the term '^lyelectrolyte'" is meant a 
cotmterion \Anch is a multi-charged q^ecies. The term "^cytopolymer^ refers to a 
composite polymer ^ch incorporates biological materials such as viruses, bacteria, 
fungi or plant and animal cells. Throughout this specification by ^'macroscopically 
imeven*" is meant that the distribution of polymer was such that there were bare patches of 
gold rK)t covered by polymer. By ^'microscopically uneven"" is meant that red blood cells 
(RBC) were distributed so that there were microscopic fields at 40x magnification tiiat did 
not contain red blood cells. 
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In one aq)ect the invention consists in a conductive electroactive composite 
polymer comprising a hydn^hilic counterion in combination with a biological 
macromolecule and/or a biological maat>molecular ccmiplex. 

In anoAer aspect the invention consists in a process for making a conductive 
electroactive cQnqH>site polymer having a hydrophilic counterion, comprising the step of 
oxidising a monomer in the presence of a hydrophilic counterion and a biological 
macromolecule and/or a biological macromolecular complex. 

In a prefeiied embodiment, the monomer of choice for the preparation of the 
composite polymers of the invention is pyrrole. However, other mononiers or mixtures of 
monomers may be used, provided that they are compatible with the biological 
macromolecule or the biological macromolecular complex. Thus, aniline could also be a 
suitable monomer when the process used for its polymerisation satisfies the compatibility 
criterion. Similarly, thiophene may also be used in the preparation of the polymer if a 
suitably water-soluble derivative of thiophene is used. Preferably the polymerisation 
process is canicd out by electro-oxidation but suitable biochemical or chemical means of 
oxidation or reduction could also be used. 

In another preferred embodiment, the hydrophilic counterion is a polyelectrolyte 
selected fixnn the group consisting of polyvinyl sulphonatc (PVS), dextran sulphate, 
chondroitin sulphate, polyglutamic acid, polyacrylic acid, heparin suljdiate, hyaluronic 
acid and mucopolysaccharides. Typically, tbc concentration of the counterion is about 
250 to 500 mg/100 mL. However, as will be qqjreciated by those skilled in the art any 
suitable counterion can be used in the present invention. 

In yet another preferred embodiment, the incorporated biological macromolecule 
is a protein, a glycc^jrotein or a lipoprotein, audi as an en^^, a honnone, a growtti 
factor, a cytokine or an integral cell membrane component such as a receptor or a q>ecific 
cell sur&ce. However, other proteins or mixtures of proteins may be used In a highly 
pr e fer r ed embodiment the biological macromolecule is releasable from the conq>osite 
polymer. 

In another highly preferred embodiment the inventi(Hi consists in a composite 
conductive, electroactive polymer in communication with a virus or a bioactive cell ^ch 
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can be of bacterial, fungal, plant or animal origin. This type of composite polymer wiU be 
referred to as a "cytopolymcr". 

In yet another highly preferred embodiment, the polymer of the invention 
conq>rises a polymeric composite of polypyrrole:PVS in communication with a red blood 
cell. 

In another aspect the invention consists in a method of delivering a biological 
macromolecule contained within a conductive elcctroactive composite polymer into an 
enviroxmient surroxmding die polymer, said polymer comprising a hydrophilic cotmterion 
in combination with a biological macromolecule and/or a biological macromolecular 
complex, said method comprising the step of: 

applying a stimulus to said composite polymer to release said nuicronK>lecule into 
said surrounding environment from said con^x>site polymer. 

In yet another aspect the invention consists in a method of detecting a ligand 
comprising the steps of: 

a) introducing a conductive electroactive composite polymer comprismg a 
hydrophilic counterion in combination with a biological macromolecule and/or a 
biological macromolecular complex into an environment containing a ligand wiiich 
specifically binds to said maat>molecule and/or macromolecular complex contained 
within the composite polymer; 

b) allowing the ligand to bind to said macromolecule and/or nuicronK>lecular 
complex; 

c) measuring the change in electrical properties of said composite polymer 
and thereby determining the presence and/or concentration of the ligand 

In a fiirther aspect the invention consists in a method of preventing or treating a 
disorder caused by or associated with a deficiency or absence of a biological 
macromolecule and/or a biological macromolecular complex comprising the step of 
administering to a host requiring such treatment a conductive electroactive polymer 
described above. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The polymer made in accordance with the present invention has been found to 
have interesting hydrogel like properties of high water content and biocompadbility as 
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well as the capacity for controlled lelease of bioactive protein and maintenance of cell 
integrity and viability. The biocompatible polymer is also electroconductive and 
electroactive. The electroactivity provides a mechanism for the control of several 
properties for example the release of molecules such as drugs, proteins and other 
macromolecuies and, if whole cells are incorporated, enables controllable modification of 
the cell membrane and cell activity. 

The improved mechanical properties of ttie biocompatible polymers of the present 
invention over hydrogels and the fecile control of their properties by q>plication of small 
electrical potentials make them interesting candidates for the design md synthesis of a 
new generation of smarter biomaterials. Furthermore; Ae release of proteins fiom 
polymers is of interest for qiplications as both biomaterials and controlled drug delivery 
devices. 

The novel properties of the bioconq>atible polymers enable the incorporation of 
very complex ma^omolecular structures such as viruses arKl even ^^4iole cells of 
bacterial, plant or animal origiiL The viable cells can be incorporated directly during the 
polymerisaticm jMrocess with minimal lysis of the cells, thus producing a composite 
polymer comprising intact cells ^^ch remain biologically active. 

Such cytopolymers may be useful eg. as cell carriers or as diagnostic tools for the 
detection of antibodies or analytes via ligand-cell bindii% or interaction. The amdyte- 
cytopolymer interaction may also be translated into a range of electrical signals since the 
composite polymer is electroactive and conductive, thus rendering the cytopolymers 
potentially useful as novel biosensors. In viiro study or characterisatioQ of cell-ligand 
interaction may also be conducted using such structures, as well as nuxiulation of cell 
fimction and/or structure. 

The cytopolymer may be used as a biosensor for determining eg. blood type or 
group as described below. In this regard, as &r as making a sensor responsive to a 
particular blood grotq), it is necessary tiiat the sensor contain an appropriate type of cell . 

BRIEF DESCRIPTION OF THE FIGURES 

Figure I represents a view f the electrodiemical cell used for polymer growth. 
Figure 2 represents a chronopotentiogram of polymer growth of (A) polypyrrole: 
PVS: horseradish peroxidase; (B) polypyrrolc:PVS:RBC (morK)mer solution = O.IM 
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pynolc, 1 g/L PVS and red blood cells, in 92.4 g/L sucrose solution); (C) 
polypyiToIe:bepann sulphaterRBC (monomer solution = O.I M pyrrole, 2.5 g/L heparin 
sulphate and red blood cells in 92.4 g/L sucrose solution), (D) polypynole:dextran 
sulphate (monomer solution ^ 0.2 M pyrrole, Sg/L dextran sulphate 50,000 in water), and 
(E) polypyrrole:dextran suli^iaterprotein (monomer solution = 4 mL/L of albumin, 0.2 M 
pyirole and 5 g/L dextran sulphate 50,000 in 92.4 g/L sucrose solution). Growth 
conditions = current density of 0.5mA/cm^ for 0.5 min. in case of (A) to (C), or 1.0 
mA/cm^for 1.0 min. in case of (D) and (E); area of electrode = 20 an^ 

Figure 3 represoits a cyclic voltanimogram of (A) polypyrrole: PVS: horseradish 
peroxidase in 1.0 M NaCl, (B) polypyrrole:PVS:RBC (monomo^ solution = O.IM pyrrole, 
1 g/L PVS and red blood cells, in 0.27M sucrose solution, (C) polypyiiole:heparin 
sulphate:RBC (monomer solution = 0.1 M pyrrole, 2.5 g/L heparin sulphate and red blood 
cells in 92.4 g/L sucrose solution), (D) polypyrrole:dextran 5ul[diate (monomer solution = 
0.2 M pyrrole and Sg/L dextran suljduite 50,000 in water), and (E) polypyrrole:dextran 
sulphateqm)tein (monomer solution = 4 mL/L of albumin, 02 M pyrrole and 5 g/L 
dextran sulfdiate 50,000 in 92.4 g/L sucrose solution). Growth conditions = 0.75mA/cm^ 
for 1 min. for (B) and (C) and l.OmA/cm^ for 1.0 min. for (D) and (E). Cyclic 
voltammetry was conducted at a scan rate of 40mV/sec. in either l.OM NaCl, for (A) and 
(D), or 0. 1 5M NaCU for (B) (C) and (E). 

Figure 4 represents an electrochemical quartz crystal microbalance (EC^CM) study 
of (A) polypyrroletcbondroitin sulphate and (B) polypyrrolerPVS, cycled between 0,2V 
and -0.8V in IM NaCI (scan rate =^ 10 mV/sec; area of EQCM electrode •= 0.25cm^) 

Figure 5 represents an atomic force micrograph of polypyrrole polymer containing 
red blood cells. Polymer was fixed in Zamboni solution, (growth conditi(ms = 
galvanostatic at current density of 5.0mA/cm^ for 1 min.) 

Figure 6 represents a cyclic resistometry study of (A) polypyrrole: chl(Kide (1) 
and chondroitin sulphate (2), and (B) polypyrrole:dextran sulfdiate (scan rate = 
lOmV/sec). 

Figure 7 represents a EQCM trace of polypyrroIe:choiufat>itin sulphate during 
dehydration and rehydration. 
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Figure 8 irpresents a study of (A) protein incorporation into the polymer during 
synthesis, as a function of the amount of protein in the synthesis solution (current density 
= ImA/cm^X and (B) protein release ftom the polymer on stimulation (fixed potential of - 
0.9 volts). (□ = growth at pH 9.6; • = growth at pH 7.0). 

Figure 9 represents a cell culture of PC 12 cells on poIypyrrole:chondroitin 
sulphate m the presence of soluble nerve growth factor (NGF). 

Figure 10 represents a high resolution Ugbt microgn^h of red blood cells 
incorporated into a polymer. 

Figure 1 1 represents a scanning electron micrograph of a polymer incorporating 
red blood cells. 

Figure 12 represents microscopic appearance of red blood cells in (A) morK>mer 
mix containing 0.2M pyrrole and Ig/L PVS in isotonic sucrose, and (B) isotonic sucrose 
solution alone. 

Figure 13 represents mass changes during cyclic voitanunetry of (A and B) a thin 
po]ypyrrole:PVS:RBC polymer (growth conditions = galvanostatic at current density of 
0.5 mA/cm^ for 1.0 min.), and (C and D) a thick polypyrrole:PVS:RBC polymer (growth 
conditions = galvanostatic at current density of 5.0 mA/cm^ for 1.0 min.). The polymers 
were cycled in 0.1 5M NaN03, in the absence (A and C) or presence (B and D) of 40^1 of 
anti-Rh(D) monoclonal antibody. Scan rate = 50mV/sec- 

Figure 14 represents cyclic resistometry study of polypyrrole:PVS:RBC polymer 
in the presence of (A) Rh control serum and (B) anti-D antibody (growth conditions = 0.5 
mA/cm^ for 1 min. m 0.15M NaNOj, scan rate = 25mV/sec.) 

EXAMPLES 

Example 1 : Pr^ratioit of CompoaHii Snpramftlgcnlar AMemhlfi^ 

A positively charged honiopolymeric backbone, \^ch is counterbalanced by 
polyanionic complex cart)ohydrates such as dextran sulphate or chondroitin sulphate can 
be synthesised according to: 
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wherein A~ is a liydrophilic polyeiectiolyte counterion incorporated during 
polymerisation. The presence of the counterion provides a &cile route for the 
incorporation of chemical and biochemical functionalities eg. biologically active proteins, 
enzymes, cells. 

Composite supramolecular assemblages were synthesised by electrooxidation of 
pyrrole monomer in the presence of proteins and polysaccharides in their anionic forms. 
Intrusion of other anions was limited by extensive dialysis of the macroanions against 
water (purified to 18 mega SI) or use of salt free reagents, for example isotonic sucrose in 
the case of cells. To facilitate future cell culturing experiments composites were 
synthesised on transparent foils of mylar coated with gold (Cortaulds). Composites were 
grown by allying a constant electrical current (galvanostatic growth) at a density of 
O.SmA/an ^ for 0.5 to 4 min. The electrochemical cell was designed to provide a uniform 
parallel electrical field over the entire electrode and to eliminate or minimise edge effects. 
Referring to Figure 1, the electrochemical cell comprises a cell body 1 which contains the 
first electrode 2 made of reticulated vitreous carbon, the second electrode 3 coated with 
gold foil and a third electrode 4 which is a reference electrode (Ag/AgCl) comprising a 
salt bridge 5 (0. 15M NaCl)* The reference electrode is ir)cluded to measure the potential. 

The solution in the electrochemical cell contained pyrrole distilled and purified 
over alumina by standard techniques immediately before use. In this regard pyrrole as 
supplied from Merck was distilled in standard equipment and the firaction distilling 
between 130-131X was collected and stored in the dark under nitrogen in a deep freeze 
(sqiproximately -lO^C). Inunediately before use the pyrrole was passed over alumina to 
remove any coloured contaminants. The concentration of pyrrole may be varied, 
preferrably between O.IM aiMl 0.3M. The optinml concentration coidd be determined by 
those skilled in the art with the aid of the present disclosure. The following polyanions 
and complex carbohydrates were used as counterions: polyvinyl sulphonate (PVS, 



PCT/AU95/00473 



9 

900-1,000 Aldrich), Dcxtran sulphate (M^ 50,000 Sigma or 1,000,000 Fluka), chondroitin 
sulphate (Sigma), Heparin sulphate (Sigma, Grade 1-A fiom porcine intestinal mucosa, 
H3393), polyglutamic acid (WAKO Chemicals), polyacrylic acid (M, 400,000, 
Polysciences), at concentration of firom about O.S to S.O g/L. Chnmopotentiograms 
recorded during growth indicated that a conducting polymer material was formed (Figure 
2). 

Depending on the chemical composition of the polymer, the prepared polymer 
films may be stored for periods of iq) to 9 to 12 months at room temperature, without 
deleterious effects on the properties of the polymer. 

rhararfffri^mtion 

Cyclic voltanmietry, cyclic resistometry and electrochemical quartz crystal 
microbalance (ECJCM) studies were performed as previously described (see John R, 
Wallace, G G, J. Electroanal. Chem. 1993, 3S4» 154*160; John Talaie A, Fletcher S 
and Wallace G G, J. Electroanal. Chem. 1991, 319, 365-371, and Mirmocheni A, Price W 
E and Wallace G G, J Monlnrane Science, 1995, 100, 239). Cyclic voltammetry was 
performed using a BAS CV27 potentiostat, a tiiree-electrode cell in an electrolyte of 
0.15Mor l.OMNaCl. Scan rates of 25 - 50 mV/scc were employed. For EQCM crystals 
were cleaned in 0.4M H2SO4 for 10 min. and then in 20% potassium fenocyanide for 10 
min. Polymers were grown galvanostatically as described above then washed in 0.15M 
NaCl or 0.1 5M NaNOs, For resistometry gold electrodes of 1 cm^ were used. Synthesis 
and cyclic voltanunetry were p^oimed as described m an electrolyte of 0.15M or KOM 
NaCl. Water content was estimated by gravimetric analysis after either drying over 
phosphorus poitoxide or on a vacuum pump overnight Dynamic changes in water 
content were determined by using a quartz crystal mioobalance. Enzyme activity of 
horseradish peroxidase (HRP) was determined using 2^^-Azin0bis(3-ethylbenzthiazoline 
sulphonic acid, (ABTS) as a substrate (see Gallati Won H, J. Clin. Chem. Clin. Biochem. 
1979 17, 1 and Porstmann B, Portstmann T and Nugel E, J. Clin. Chem. Clin. Biochem. 
1981 19,435). 

Rat PC12 phaeochromocytoma cells were cultured in Dulbecco's Modification of 
Eagles Medium (DMEM) supplemented with foetal bovine serum (10% v/v) and with 
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heat inactivated horse serum (5% v/v). No antibiotics were used and the cultures were 
maintained at Se.S'^C in an atnu)sphere of CO2 (5% v/v). The polymer fihns tested were 
cut to a size that fitted into the bottom of rectangular multi-well culture dishes (Nxmc cat. 
no. 176600). Cells were seeded at 10^ cells/cm^ and left for 2 to 4 days before the 
polymer was cycled through potentiab -0.8V to +0.7V (vs Ag/AgCl) using ElectioLab 
software. Cells were obsm^ed by phase contrast microscopy or were fixed with 
formaldehyde (4% w/v) and stained with haematoxylin and eosin or by silver 
impregnation (see Mallory F B, Pathological Technique 1961 pp 158-180 Hafiier, New 
Yoric). Nerve growth factor was added to the culture mediimi at a concentration of 
8ng/mL and neurite growth monitored after 48 to 72 hours. 



All polymers grew at potentials between 1.3 V and 0.6V, with the potential 
becoming steadily less anodic throughout the polymerisation period, indicating growth of 
a conducting polymer. This was true even for transparent polymers. The thickness of the 
film could only be estimated at edges or at foults in the polymer using atomic force 
microscopy. It was found that films grown for 30 sec. fiiom monomer solutions that did 
not contain red blood cells, were approximately lOOnm thick and when grown for 4 min 
they were 700-1000 nm thick. Cyclic voltammetry in IM T^aCl showed a picture typical 
of polypyrrole with an inunobile anion as dopant (Figure 3). Compared to polypyrrole 
chloride, the peak of the oxidative wave was shifted to negative potentials -02 to - 0.4 V 
Ag/Ag CI. This peak has been associated with cation movement in/out of the polymer 
according to: 



Results 




H H 



(PVS)-M+ 



Quartz crystal microbalance studies showed that reduction was accompanied by 
mass increase (see Figure 4) confirming this scenario for most of the polymers. 
Interestingly mass increases were observed even at relatively anodic potentials (i.e. 0.20V 
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to O.OOV). Polymers containing PVS, especiaUy for polymers grown for longer than 4 
minutes, were a special case A^ere a bii^iasic response was observed. 

Scanning electron microscopy showed that the polymers were relatively 
amorphous v/bcn thin. This was confirmed by atomic force microscopy (AFM) which 
was also used to confirm the presence of red blood cells in the polymer (Figure S). The 
root mean square roughness of tfie polym^ was 13.8 nm over a 5 X S ^m area. The 
average peak to valley distance at faults in the polymer (eg. edges) was 92 rmi. This gives 
a measure of total thickness. 

C^yclic resistometry showed that for all polymer systems tiie polymer resistance 
increased on reduction but die polymers remained relatively conductive when reduced 
(see Figure 6) compared to polypyrrole chloride that shows a resistance change of 100- 
200 Q when reduced. The polymers were also less conductive than polypyrrole chloride 
when in the fully oxidised state (60-70 CI vs 40-SO CI). 

Gmvimetry of the polymers after drying showed a high content of water. For thin 
polymers (30 - 60 sec. growth) 80% of the weight immediately after synthesis was water. 
This depended on the atmospheric relative humidity on the day of synthesis (see Table 1 
below), 

TABLE 1: Percentage water content of different polymers at different 
atmospheric relative humidities. 





Rdati 


iveHuudity 


43% 


74% 


80% 


Polymer 








PP/PVS 


39% 


53% 


60% 


PP/Dextian. Mr U000.000 


42% 


57% 


63% 


PP/Dextran. Mr 50,000 


38% 


52% 


67% 



(Quartz crystal microbalance studies showed that this water was nq^idly removed 
by desiccant and was reabsorbed vAnen the polymer was exposed to a water saturated 
atmo^hoe (see Figure 7). 



» 



W096;M340 PCT/AU95W473 

12 

Eumplc 2: Dynamic polymer gtudics: Inc rporation and rcleaae of prfttMWjt 

To evoke release of species from the polymer, potential step and potential cycling 
experiments were carried out in a three-electrode cell under potential control from an 
EGG 173 potentiostat with MacLab data recording or ElectroLab potential control. 
Release was carried out into acetate buffer pH 5.0 or phosphate buffer pH 8.5 for time 
periods ranging from 1 to 20 minutes. A variety of commonly used bufifers may also be 
suitable for tfiis purpose. 

Horsftrariisti Peroxidase 

Enzyme assay showed that appreciable HRP activity could be incorporated into 
the polymer during synthesis of PVS:HRP:pyrrole composite. Longer synthesis times 
showed lower activity measured in the polymer. 

Cycling the potential from +0.6 to -0.5V caused release of large amounts of 
enzyme (2600mU). To determine whether this was released during oxidation or 
reduction, potential steps were carried out. Pulsing the potential from rest (qyprox. O.OOV 
vs Ag/AgCI) to negative potentials (-0.5V vs Ag/AgCl) caused release of enzyme optimal 
after 5 mins (1674mU) (sec Table 2 below). Soaking the polymer released measurable 
but low release (215mU) and pulsing to positive potentials caused intermediate release 
(556mU). 

TABLE 2: HRP activity released from composite polymers upon plication of 
potential. 





Activity in 
Polynier(mU) 


Total Activity 
RdcMcd (nlJ) 


Activity 
Remainiiig (mU) 


Control 


5580 


214.7 


ND 


Sminat-0.5V 


5580 


1674.0* 


271 


I0ininat-0.5V 


5580 


494.8 


134 


Smin at -K).6V 


5580 


556.0 


ND 



Legend: Control polymers were soaked in acetate buffer for 5 minutes. Constant 
electrical potential (-0.5 V or +0.6V) was applied for 5 or 10 minutes to stimulate 
polymers in 1 3 mL of acetate buffer. ND = not determined; ♦ p<0.1; n=10. 
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Haemoglobin 

Using haemoglobin (Mr 64,500, pi 6.8, a neutral protein) as a test macromoleciUe 
it could be demonstrated that the concentration of pyrrole not only affects incorporation of 
protein into the polymer but also affects release- 
Table 3 shows that as the pyrrole concentration is increased from O.IM to 0.5M 
the extent of incorporation of protein is reduced. Furthermore, the amoimt of protein 
released from the polymer is significantly reduced (Table 4). This effect is probably 
caused by the denaturing effect of the hydrophobic solvent pynole. 

TABLES: Effect of pynxDle concentration on the incorporation of 
haemoglobin into polypyrrole polymers. 



Current Density 


Growth Time 


Coulombs 


Percent Incorporation* 


(mA/cm^) 


(minutes) 




0.1 M pyrrole 


0.5M pyrrole 


0^ 


0.5 


0.25 


0317 


0JL6 


1 


0.5 


0.5 


0.431 


0329 


0.5 


1 


0.5 


0.752 


0377 


1 


1 


1 


0.55 


0393 


0.5 


2 


1 


0.778 


0.294 


1 


2 


2 


0.74 


0302 


0.5 


5 


2.5 


0.799 


0.257 


1 


5 


5 


0.945 


0384 



* total amount of protein incorporated into the polymer, expressed as a percentage of the 



total amount of protein present in the monomer solution at the time of polymerisation. 



TABLE 4; Effect of pyrrole concentration on the release of haemoglobin from 
the polypyrrole polymers. 



Current Density 
(mA/cm') 


Growth Time 
(minutes) 


Coulombs 


Percent Release* 


O.IM pyrrole 


03M pyrrole 


0.5 


0.5" 


0.25 


16.18* 


45.73 


1 


0.5 


0.5 


57.13 


18.66 


0.5 


1 


0.5 


29.25 


1.94 


1 


1 


1 


6339 


2634 


0.5 


2 


1 


5736 


47.69 


1 


2 


2 


52.61 


7.79 


0.5 


5 


2.5 


50.02 


35.63 


1 


5 


5 


59.21 


39.61 
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♦ total amount of protein released from the polymer with the application of -0.8V for 2 
min., expressed as a percentage of the total amount of protein incorporated into the 
polymer. 

The extent of protein incorporation was investigated as a function of growth time 
and current density. Such studies show that as growth time is extended the amount of 
protein incorporated is increased. At lower current densities the amount of protein is 
almost linearly related to growth time but at higher current densities a levelling off occurs 
as grovnh time is extended. 

Human Scrum Albumin 

Experiments performed with human serum albumin (HSA, Mr 70,000, pi 5.5, an 
anionic protein) demonstrated that polymers contained an amount of protein that was a 
function of the amount of protein in the synthesis solution. Between 1 to 2% of the 
protein within the monomer solution was incorporated into the polymer. 

The HSA was retained within the polymer and did not diffuse from it when 
incubated in saline solution, 0.I5M NaCl ; after 7 hours 98 (±3)% remained and even after 
3 days 95 (±10)% remained. When the polymer was reduced by applying a cychc voltage 
ramp from +0.5 V to -0.7, -0.8 or -0.9 V, appreciable protein was released into the saline 
electrolyte solution. The amount of protein released was greater for more negative 
potentials. The time course of release was investigated by applying a fixed negative 
potentiU for times ranging from 2 to 32 seconds. The protein was released rapidly fit)m 
the polymer. Within 2 seconds 20 to 30 percent of the protein contained within the 
polymer had been released. After only 32 seconds most of the contents of the polymer 
had been released. When oxidising potentials (+0.5 V) were applied or potentials close to 
the rest potential of polypyrrolc (+0.17 V) no protein was released. 

Nerve Growth Factor 

Using mouse salivary nerve growth factor (NGF, Mr 26,000 pi 9.6 a cationic 
protein), it can be demonstrated that during synthesis the amount of protein incorporated 
into the polymer was linearly related to the amount of protein in the synthesis solution 
(Figure 8 A). Depending on the pH of the synthesis solution adjusted with either NaOH 
or HCl, between 1.4 and 2.0% of NGF in the solution was taken up into the polymer. 
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Incorporation of NGF was greater at pH 9.6, the isoelectric point of NGF, OHisistent with 
the protein being incorporated by physical entrapment in the polymer. 

At pH 7.0 NGF is positively charged and ^en mixed with an anionic 
polyelectrolyte such as dextran sulfdiate will form ionic complexes. Since there is a vast 
excess of dextran su^hate ^ch is highly negatively charged (^jproximately 1,000 
negatively charged sulphates per molecule, Mr=50,000) the NGF will only minimally 
difninijgh the net negative charge. It could however change conformation and wUl 
increase the molecular mass significantly by 50% (26,000) for each NGF molecule bound. 
This could be the reason for the decreased levels of incorporation at the lower pH. 

As for HSA above, release was induced by application of negative potentials (see 
Figure 8B). Applying -0.7V produced some release of NGF. However, release evoked at 
pH 7.0 was detected only 64 seconds after the £q)pIication of potential. When more 
negative potentials were applied (-0.9V) greater and more r^id release was detected 
within 2 seconds of qjpUcation of potential. The amount of protein released increases 
with the time of application of potential so that up to 45% of the NGF contained in the 
polymer was released within 1 minute. Soaking a polymer containing NGF in O.ISM 
NaCl at 4^C for 3 • 4 weeks caused no more growth factor to diffuse out of the polymer. 

Importantly, the mode of release of NGF is such that no protein leaks out of the 
polymer by diflRision but within 2 seconds of ^plication of the electrical potential 
significant protein is released. Such control of protein release from a polymer has not 
been achieved before. The amounts of NGF released are sufGcient to cause 
dififercntiation of PC12 cells. The PC12 cells will begin to differentiate v^en NGF 
concentration in culture medium reaches about 16ng/niL. The maximimi NGF released in 
the above study was 4S0ng in 1 minute. Release of this amount of NGF into a 4 mL 
culture volume would be more than sufficient to cause stimtilation of PC12 cells growing 
upon the polymer. 

Factors that affected the extent of protein incorporation were the time of synthesis 
and the concentration of pyrrole in the monomer soluticm. The mechanism of release of 
the protein is thought to be e?qmIsion of ani ns from the polymer when it is reduced. The 
open, porous, hydrophilic matrix is responsibl for the fiadle expulsion of the negatively 
charged jmteiiL Even though the protein is expelled as an anion it must be retained 
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within the polymer by more than ion exchange. Simple anions like chloride diffuse from 
the polymer by ion exchange. Tbcrt was no such tendency for albumin to diffuse despite 
the high water content Therefore, there must be other forces retaining the protein within 
the polymer matrix. This could include hydrophobic effects as well as ion pairing, 
hydrogen bonding and steric restriction. 

Example 3: BwcompatibUity 

In vitro biocompatibility of the polypyrrole composite polymers was investigated 
by their ability to siq^rt growth of a variety of cells including breast cells, fibroblasts 
and in particular rat PC 12 cells. The latter are particularly fastidious and the ability to 
siq>port NGF-induced differentiation is a stringent indicator of biocompatibility. It was 
foimd that rat PC 12 cells adhered to and multiplied on all polypyrrole surfaces tested. 
Some of the new composites synthesised in this study proved inferior to those reported 
previously. Polypyrrole polyglutamic acid was a poor substrate. Cells adhered poorly 
^en counted at 4 hours after plating. The percentage of cells adherent to different 
polyglutamate polymers ranged from 19 to 45% (mean = 25.6%) ^^diereas identical cells 
plated on polypyrrole : dextran sulphate were 98% adherent and on polystyrene coated 
with poly L-lysine were 78% adherent PCI 2 cells plated on polypyrrole : polyglutamate 
preferred to adhere to occasional patches of bare gold that had not been coated by 
polymer. Nevertheless, cells once adherent on all polymers tested were still able to 
differentiate in response to exogeiK)us nerve growth factor (8ng/inL) added to the culture 
medium (see Figure 9). As can be seen from Table 5 below, the composites made in 
accordance with the present invention provide very low water contact angles which is a 
result of the hydrophilic nature of the polymer system. 

TABLE 5 Hydrophilicity of composite polymers. 





Hydrophilicity 
(Contict Angles • HjO) 


PP/PVS 


22.2 ±3.2 


PP/DEX 


8-1 ±2.4 


PP/dex 


14.5 ±5.0 


PP/CS 


26.1 ±2.0 


Gold Film 


73.1 ±3.6 
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The ability of cells to adhere and grovf on the polymers depended on the nature of 
the polymeric counterion. Two parameters could influence tbis» the charge density on the 
backbone and its hydrophilicity. Polymers containing polyglutamic acid were the worst 
substrate of those tested. All had a slightly different density of negative diarge. PVShad 
the highest charge density and dextran and chondroitin sulphates the lowest, polyglutamic 
acid was intennediate. The charge density can have profound effects on the polymer. At 
high diarge density it is likely that not all of the charges would be paired with positive 
charges on tfie pyrrole backbone. Excess negative charges would be paired with cations 
from the solution and would contribiite to the high water content of the polymers. 
Glutamic acid is relatively hydrophobic when protonated. Thus it is thought that those 
groups strongly ion paired with positive chaiges on the backbone would contribute a 
hydrophobic nature to the composite compared to the hydrophilic carbohydrate units. 

The facile synthesis of polymers containing extracellular complex carbohydrates 
such as chondroitin sulphate means that a new class of materials that have better 
mechanical properties than hydrogels yet contain functionalities that are components of 
natural biointer£EK:es is possible. The &ct that the composite is electroactive means that 
the material is csQ>able of dynamic control of key properties. 

Example 4: Cvtopolvmcra 

Human red blood cells collected at the Red Cross Blood Bank from anonymous 
donors were firacticmated from vAiolt blood and were stored in Citrate, Adenine, 
Phosphate, Dextrose (CAPD) solution. Before use tbey were washed and suspended in 
isotonic media such as Adenine, Citrate, Dextrose (ACD), CAPD, 0.9% wAv saline or 
92.4 g/L sucrose. A monomer solution was then made from the packed cells. A typical 
monomer solution contained pyrrole at concentrations from 0. 1 to 0.3M, an osmotic agent 
and/or an energy source, such as sucrose at a concentration of 92.4 g/L, a polyelectrolyte 
selected from polyvinyl sulphonate (PVS), dextran sulphate, chondroitin sulphate, 
polyglutamic acid, polyacrylic acid, hq>arin suli^iate, hyaluronic acid or 
mucopolysaccharides, for example polyvinyl sulphonate at a concentration of 1 g/L and 
red blood cells at 3 to 6 x 10^^/L. 

Integrity of red cells in the monomer mix before and after synthesis of polymer 
was performed by determination of a full blood count on a Coulter S-Plus IV, electronic 



wo 96/04340 



PCT/AU95m473 



18 

cell counter. The state of the haemoglobin in the monomer mix was determined by 
analysis on a Radiometer blood gas analyser. The integrity of AB and the D-antigen on 
the cells was determined by performing a ABO and Rhesus blood group typing using 
standard reagents. Morphology of red blood cells in the monomer mix was determined by 
May Grunewald Geimsa staining. 

PQlypyrrolc;PVS;RBC CytopQlymcr 

Polymers were grown on plastic foil coated with gold in a standard 
electrochemical cell (see Figure I) using galvanostadc growA at 0.5-1.5 mA/cm^ for 0.5 
to 1.5 minxjtes, temperature was maintained at less than 17°C. Higher or lower 
temperatures can be used but, as is well known, synthesis of any type of polypyrrole 
polymer is temperature sensitive; lower temperatures usually producing polymm with 
greater electrical-conductivity and better mechanical properties. Lower temperatures are 
also desirable because it enables the production of polyniers that are macroscopically 
even and preserves the integrity of biological components. 

Red blood cells that were irKx>rporated into the polymer appeared intact at high 
resolution light microscopy but not always in their usual biconcave form (Figure 10) This 
may be an artefact of fixation caused by the picric acid in the fixative used. Other 
fixatives can be used but picric acid present as a modified Zamboni fixative composed of 
4% formaldehyde, 0.25% glutaraldehyde, 40% v/v saturated picric acid, in 0.1 M sodium 
phosphate buffer pH 7.4 gave superior results. Formaldehyde vapowc fixation better 
preserves the biconcave form but is not suitable for large-scale use. The biconcave form 
or moq^ology of the red blood cell is tK>t important in itself. It is the state of 
antigens/enzymes etc. in the membrane as a fiinction of the use of the cytopolymer which 
is crucial. Scanning electron microscopy shows that the red blood cells are incorporated 
into as well as onto the polymer (Figure 1 1). 

Effect of pvr mle solution on red blood cell inteimtv 

Pyrrole concentrations at 0.5M caused conq)lete (100%) lysis of red blood cells 
and at 0.1-0.3M haemolysis of red blood cells in the monomer mix was betwe» 1-5% 
and depended on the age of the red blood cells. Extended exposure of red cells to 0.3 M 
pyrrole increased the haemolysis and caused denaturation of AB and Rh(D) antigens. 
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Therefore, monomer solutions v/erc prepared fresh and used within 60 minutes of 
preparation. The preferred method involves coolmg the monomer mixture to less than 
17°C) performing electropolymerisation at this low temperature and using pyrrole 
concentrations below 0*1SM. 

Ifistology of red cells in the monomer mix showed reasonably good mor]:^ology 
(Figure 12)« There were some burr cells and occasional acanthocytes. Electronic 
counting showed that mean cell volume, mean cell haemoglobin and cell counts (in tiie 
monomer mix) were within normal limits, both before and after syndiesis of polymer. 
The normal limits in the laboratory in ^^ch the experiments were conducted were: 

MALE: Mean cell volume: 80.8 - 97,7fL, 

Mean cell haemoglobin: 27.0 - 32.2 pg, 

CeU: 4.6- 5.81 xlO*^/L 
FEMALE: Mean cell volume: 80.6 - 98.4£L, 

Mean cell haemoglobin: 26.8 - 32.5 pg, 

CeU: 3.91 - 5.23 x lO'^/L. 

More "even** polymers can be grown by reducing the concentration of red blood 
cells to 1.5 to 3.0 x lO'^/L. 

It was found that inclusion of CAPD and ACD caused the polymer to be 
macroscopically md microscopically imeven. Cells washed in sucrose produced more 
even polymers. 

The conditions for and tiie stability of the cytopolymers on storage is to a larger 
degree governed by the type and viability characteristics of the cells incorporated in the 
polymer axKl to a analler extmt by the chemical composition of the polymer. 

Signal fiwierarinn* Klectmchemical Characteri?atian of the PQlvpvrroletPVSsRBC: 

CytopolymcT 

Cyclic Voltanimctry/EOCM: 

A polypynole:PVS:RBC:sucrose polymer was cycled in 0.1 5M NaN03 in the 
presence of anti-D antibody (the antibody was morK>clonal, at a concentration of Img/mL, 
obtained from Gamma Biologicals, USA). A polypyrrole:PVS polymer which does not 
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contain red blood cells served as a blank polymer^ where no interaction involving red 
blood cells could take place. 

Firstly, thin polymers (i.e. grown at 0.5 mA/cm^ for 1 min.) showed maricedly 
different ion fluxes to thick ones (grown at 5.0 mA/cm^ for 1 min.). Thin polymers 
showed a mass increase on oxidation whereas thick polymers showed a mass increase on 
reduction as well as on oxidation. This indicates that anion exchange is predominant in 
thin polymers vriiereas both cation and anion exchange processes occur on thicker 
polymers. 

Upon addition of anti-D subtle changes occurred in cyclic voltammograms. 
Significant changes were observed in the mass-potential profiles obtained for thinner 
polymers. The changes observed indicate that the anion exchange c^>acity of the 
cytopolymer has increased upon addition of anti-D. Upon addition of anti-D to thicker 
polymers it sq^pears that anion cecity is again influenced, but now it decreases. No 
interaction was seen on a blank polymer that did not contain red blood cells. 

Cyclic voltammetry showed that a good elcctroactive polymer film was produced 
There was no interference due to the iron present in the haemoglobin. The cyclic 
voltanmiogram was similar to polymer grown with only PVS as a counterion. 

Studies into Signal Generation were carried out using electrochemical EQCM 
experiments to quantitate the ion fluxes and mass changes tfiat caused the qualitative 
changes. 

Mass measurements during application of ramped potentials identical to those 
used for cyclic voltammetry showed profound changes v/ben anti-D was added (Figure 
13). 

The net mass of the polymer increased as would be expected ^len antibody was 
bound to the polymer. This was not artificial as shown by die absence of mass increase 
vAkcn the antibody was added to a blank polymer that did not contain red blood cells. 

Furthermore, ion fluxes measured during potential cycling showed striking 
irreversible changes. These changes are presumably due to hitherto unseen ion fluxes 
caused by applying potentials to polymers containing intact red cells. These fluxes could 
easily be modified by binding of antibody to the D-antigen. 
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These experiments therefore show that interaction of Rh^ blood containing 
polymers with anti-D immunoglobulin produces a variety of electrochemical changes. 
These changes or flux provide the basis for the generation of a robust electrical signal 
useful for blood groiiping according to the antigen type present in the cytopolymer. 

Cyclic RcsistomctrY: 

This tedmique measures the resistance vAdle the potential is ramped between two 
limits. An electroactive polymer shows a characteristic sigmoidal resistance change with 
hysteresis as the polymer is oxidised or reduced 

For a negative control the polymers were first cycled in Rh control (Himian, 
Bovine serum. Gamma Biologicals) before being cycled in Blood Groiq)ing Reagent 
Anti-D (Gamma Biologicals), a monocIoiud\poIyclonal blend. 

It is important to realise that cyclic resistometiy measures die total resistance of 
the cell solution and the polymer. Before addition of anti-D the resistogram changes 
maricedly as a function of the number of cycles. Whoi antibody is added this wiU cause 
changes in solution resistance that will impact on the overall result. Thus, blank polymers 
not containing red cells show changes in resistance \^en antibody is added. This is a 
combination of solution resistance and non specific adsorption of antibody to the 
polymer. 

Red blood cell containing polymers show different changes upon addition of 
antibody (anti-D) and antibody ccHitrol (see Figure 14). However, when anti-D is added 
the change in resistance is inverted ie. the resistance change between O.OV and -0.8V, it 
becomes n^ative instead of po^ve. These studies confirm Aat the cytopolymers may 
be useful in the detection and analysis of antibody-antigen interacdcms. 

Using the strategy described herein it is possible to tailor the properties of the 
biomaterial in the following w^. 

By changing the nature of die conducting polymer, eg. using substituted pyrroles 
or thiophenes, it is possible to change the redox properties (eg the potential at yAnch the 
transition fiom oxidised to reduced state takes place) and also chemical properties (eg 
solubility of polyroer). 

By changing the polyani nic counterion it is possible to change the interaction of 
the final composite with different cellular elements in the body eg. use of heparin sulphate 
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provides a surface that resists the clotting of blood and adherence of platelets. 
Incorporation of odier biologically active macromolecules such as collagras, fibronectins 
and specific adhesion molecules (integrins, selectins, cadherins etc) could cause selective 
interaction of certain desired cell types with the material. The latter material could be 
immobile in the polymer by design. 

By changing the releasable component of the polymer selected pharmacological or 
physiological responses could be elicited. Illustrated here are four test cases (1) 
horseradish peroxidase, (2) haemoglobin, (3) human serum albumin and (4) nerve growth 
factor. Release of the latter protein causes profound changes in the bdiaviour of cells 
growing on the composite polymer. It causes them to stop dividmg and to differentiate 
into cells containing long axonal processes. This test case illustrates the feasibility of 
release of any protein growth factor in a controlled fashion to cause cellular changes* It is 
envisaged that similar materials could be constmcted containing for example endothelial 
cell growth factor that would induce arterial grafts to become lined with a full covering of 
endothelial cells in vivo. Such a result can only be performed in the present art by pre- 
coating arterial grafts in vitro prior to transplantation. The present art describes the 
controlled release of drugs having a low molecular weight (eg Dopamine, see Miller L. L. 
Zhou Q-X, Macromolecules 1 987, 20, 1 594) but not the release of protems. 

It can also be seen from the above examples that cytopolymers wherein the cell 
remains bioactive may be useful as biosensors or diagnostic tools. Such tools may be 
useful in, for example, various biological reactions such as the reaction of an antigen 
incorporated in the polymer with an antibody specific for that antigen. 

Such structures have been foimd to have a high water content and to be 
hygroscc^c. This environmmt is suited for cell integration and allows access of proteins 
(eg. aiudytes or antibodies) to the cell surface or receptors in subsequent sensor uses. By 
using different concentrations or a combination of counterions, it is possible to vary the 
number and state of the cells of the polymer. 

Any viable cell may be used in accordance with the invention. Red blood cells are 
probably the most fragile of cells and thus provide a suitably rigorous test system. Other 
cells, such as white blood cells (granulocytes, tnonocytes/macroi^uiges, lynq)hocytes), for 
detection of anti-HTV or gp'^, or for analysis of MHC antigens, stable cell lines or 
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primary cultures of liver, kidney or other tissue cells, for assessment of ceU sur^ice 
markers, receptors and their respective tumour cell lines, Aether primary or stable cell 
lines, may be used. Which cell is incorporated depends upon the ultimate use required of 
the cytopolymer. Sucrose, dextrose, maonitol, trehalose and other agents known for their 
ability to aid in sustaining cell viability and integrity through providing an appropriate 
energy source or isotonictty may also be incotporated during the synthetic process. 
Clearly the extent to vMch cells will remain "viable** after polymerisation will be 
different for each cell type and will depend on ^^lat property of the cell (for example an 
antigen's ability to bind to antibody) is being utilised in the specific cytopolymer. 

Although the foregoing describes specific embodiments of the invention, 
modifications apparent to the skilled addressee fall within the scope of the invention. 
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS: 

1. A conductive electroactive composite polymer comprising a hydrophilic 
counterion in combination with a biological macromolecule or and/a biological 
macromolecular complex. 

2. A polymer according to claim 1 , ^^^lerein the coimterion is a polyelectrolyte. 

3. A polymer according to claim 1 or claim 2, wherein the polyelectrolyte is 
biologically derived. 

4. A polymer according to any one of claims 1 to 3, wherein Ae polyelectrolyte is a 
mucopolysaccharide. 

5. A polymer according to any one of claims 1 to 3, wherein the polyelectrolyte is 
selected form the group consisting of polyvinyl sulphonate, dextran sulphate, chondroitin 
sulphate, polyglutamic acid, polyacrylic acid, heparin sulphate and hyaluronic acid. 

6. A polymer according to any one of the preceding claims, M^ierein the 
macromolecule is a protein, a glycoprotein or a lipoprotein. 

7. A polymer according to claim 6, wherein the protein is an enzyme, a hormone, a 
growth factor or an integral cell membrane protein. 

8. A polymer according to any one of claims 1 to 5, herein the macromolecular 
complex is a virus. 

9. A polymer according to any one of claims 1 to 5, wherein the macromolecular 
complex is a bioactive cell. 

10. A polymer according to claim 9, wherein the cell is selected form the groiq> 
consisting of a bacterial cell, a fungal cell, a plant cell, or an animal cell. 

11. A polymer according to claim 9 or claim 10, wherein the cell is a red blood cell. 

12. A polymer according to any one of claims 1 to S or 9 to II, herein the polymer 
comprises a composite of polypyrrole:polyvinyl sulphonate in communication with a red 
blood cell. 

13. A polymer according to any one of claims 1 to 8, vs^erein the biological 
macromolecule or macromolecular complex is releasable from the composite polymer. 

14. A polymer according to any one of the preceding claims, wherein the polymer is 
biocompatible. 
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15. A process for making a conductive electroactive composite polymer having a 
hydrophilic counterion comprising the step of oxidising a monomer in the presence of a 
hydrophilic counterion and a biological macromolecule and/or a biological 
macromolecular complex. 

16. A process according to claim 1 S, i^dierein the monomer is electro-oxidised. 

17. A process according to claim IS, \dierein the monomer is oxidised by chemical 
means. 

18. A process according to any one of claims 15 to 17, wherein the monomer is 
enable of being polymerised into a conductive electroactive polymer. 

19. A process according to claim 18, ^^lerein the monomer is selected from the group 
consisting of pyrrole, aniline and thiophene. 

20. A process according to any one of claims IS to 19, wherein the counterion is a 
polyelectrolyte. 

21 . A process according to any one of claims 15 to 20, \^aein the polyelectrolyte is 
of biological origin. 

22. A process according to claim 21, wherein the derived polyelectrolyte is selected 
fonn the groi^ consisting of polyvinyl sulfAonate, dextran sulphate, cbondroitin sulphate, 
polyglutamic acid, polyaaylic acid, heparin sulphate and hyaluronic acid 

23. A process according to any one of claims 15 to 22, ^^dierein the macromolecule is 
a protein, a glycoprotein or a lipoprotein. 

24. A process according to claim 23, ^^lerein the protein is an enzyme, a hmnone, a 
growth Actor or an integral cell membrane protein. 

25. A process according to any one of claims IS to 22, wherein the macromolecular 
complex is a vims. 

26. A process according to any one of claims 15 to 22, v^ierein the macromolecular 
complex is a bioactive cell 

27. A process according to claim 26, ^lerein the cell is selected fomi the ganxp 
consisting of a bacterial cell, a fungal cell, a plaiU cell or an animal cell. 

28. A process according to any one of claims IS to 25, ^»ein the biological 
macromolecule or macromolecular complex is releasable from tfie composite polyn^. 



PCT/AU95/0a473 



26 

29. A process according to any one of claims 15 to 28, wherein the polyma^ is 
biocompatible. 

30. A process according to any one of claims IS to 29, conducted at a temperature 
below 10**C. 

31. A method of delivering a biological macromolecule contained within a conductive 
electroactive composite polymer into an environment surrounding the polymer^ said 
polymer comprising a hydrophilic counterion in combination with a biological 
macromolecule and/or a biological macromolecular complex, said method comprising the 
step of: 

flying a stimulus to said composite polymer to release said macromolecule into 
said surrounding environment from said composite polymer. 

32. A method according to claim 31, wherein the stimulus is biochemical, chemical or 
electrochemical reduction or oxidation. 

33. A method of detecting a ligand comprising the steps of: 

a) introducing a conductive electroactive composite polymer comprising a 
hydrophilic coimterion in combination with a biological macromolecule and/or a 
biological macromolecular con4)lex into an environment containing a ligand vMch 
specifically binds to said macromolecule or macromolecular complex contained within 
the composite polymer; 

b) allowing the ligand to bind to said macromolecule and/or macromolecular 
complex; 

c) measuring the change in electrical properties of said composite polymer 
and thereby determining the presence and/or concentration of the ligand. 

34. A method according to claim 33, wherein the ligand is an antibody. 

35. A method according to claim 33, wherein the macromolecule is a protein. 

36. A method according to claim 33, wherein the macromolecular complex is a virus. 

37. A method according to claim 33, \^erein the macromolecular complex is a 
bioactive cell. 

38. A method according to clairn 36, ^^dierein the cell is selected form the group 
consisting f a bacterial cell, a fungal cell, a plant cell, or an animal cell. 

39. A method according to claim 37 or claim 38, wherein the cell is a red blood cell. 
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40. A method according to any one of claims 33, 34 or 37 to 39, x^dierein the ]x>iymer 
comprises a composite of polypyrrole:polyvinyl sulj^nate in communication with a red 
blood cell. 

41. A method according to any one of claims 33 to 40, vdierein the change in 
electrical property measured is a change in die resistance of the polymer. 

42. A method according to any one of claims 31 to 41, wherein the environment is the 
body of an animal host 

43. A method according to any one of claims 3 1 to 42, wherein the environment is a 
fluid sample. 

44. A method according to any one of claims 31 to 43, wherein the sample is a 
biological fluid sample. 

45. A method of preventing or treating a disorder caused by or associated with a 
deficiency or absence of a biological macromolecule and/or a biological macromolecular 
complex comprising the step of administering to a host requiring such treatment a 
conductive electroactive polymer according to any one of claims 1 to 14. 
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